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Immunodeficiency is a severe side effect of radiation therapy, notably at high radiation doses. It may also impact
healthy individuals exposed to environmental ionizing radiation. Although it is believed to result from cytotox-
icity of bone marrow cells and of immunocompetent cells in the peripheral blood, the response of distinct
bone marrow and blood cell subpopulations following exposure to ionizing radiation is not yet fully explored.
In this review, we aim to compile the knowledge on radiation sensitivity of immunocompetent cells and to sum-
marize data frombonemarrow and peripheral blood cells derived frommouse and human origin. In addition,we
address the radiation response of blood stem and progenitor cells. The data indicate that stem cells, T helper cells,
cytotoxic T cells, monocytes, neutrophils and, at a high degree, B cells display a radiation sensitive phenotype
while regulatory T cells, macrophages, dendritic cells and natural killer cells appear to be more radioresistant.
No conclusive data are available for basophil and eosinophil granulocytes. Erythrocytes and thrombocytes, but
not their precursors, seem to be highly radioresistant. Overall, the data indicate considerable differences in radio-
sensitivity of bone marrow and blood normal and malignant cell populations, which are discussed in the light of
differential radiation responses resulting in hematotoxicity and related clinical implications.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Suppression of hematopoiesis is a severe toxic side effect of radio-
therapy (RT) in cancer patients. It also impacts healthy individuals
since humans are constantly exposed to external radiation caused by
natural background sources, diagnostic procedure or, at the extreme
end of the spectrum, nuclear disasters such as the accidents at the
Chernobyl and Fukushima nuclear power stations. It is believed that
hematotoxicity associated with radiation therapy mainly arises from
the impairment of hematopoietic progenitor cells. However, evidence
is scarce as limited background information is available regarding the
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sensitivity of the different blood normal and malignant cell populations
derived from hematopoietic progenitor cells present in the bone mar-
row. Thus, a major focus of this review is to summarize the current
knowledge on radiation responsiveness of different populations of
bonemarrow and peripheral hematopoietic cells and to discuss reasons
for differential radiation responses and possible inferences. As most of
the studies arise from human and experimental mouse systems,
which display marked differences in response, we will discuss human
and mouse data separately.

1.1. Radiation effects on clonogenic survival and self-renewal of murine
stem and progenitor cells

Colony formation of irradiated hematopoietic stem and progenitor
cells (HSPCs) was taken as an indicator of sensitivity to ionizing radia-
tion (IR); the data are compiled in Table 1 (for phenotypic classification
stem and precursor cells see Fig. 1S). Imai and Nakao [1] were among
the first to report that after a 1.5 to 3 Gy total body irradiation (TBI),
bone marrow multipotent progenitor cells i.e. the mixed colony-
forming units (CFU-Mix ~ CFU-GEMM) with radiobiological character-
istics of D0 = 1.44 Gy (D0 = dose reducing to 37% of cell survival) and
progenitors for granulocytes and monocytes (D0 = 1.57 Gy) are rela-
tively resistant to IR while pluripotent and self-renewal hematopoietic
stem cells CFU-S-10 (in the spleen of mice at 10 days after transplanta-
tion) are radiosensitive (D0 = 0.81 Gy). Erythroid burst forming units
(BFU)-E (D0 = 0.68 Gy) and erythroid progenitors CFU-E (D0 =
0.53 Gy) displayed the most radiation sensitive phenotype. This is in
line with a significant decrease of erythrocytes in peripheral blood
Table 1
Radiation response of murine and human hematopoietic stem cells, progenitor cells and perip

Radiosensitivity Species

Lin-CD117+Sca1+ ≥ Lin-CD117+Sca1- Mouse
BFU-E N CFU-E N CFU-S10 N CFU-Mix N CFU-GM Mouse
Recover ability:
CFU-E N CFU-GM N CFU-Mix, BFU-E, CFU-S10
CFU-S7 N CFU-S12 N MRA N CFU-Culture Mouse
CD34+CD38- N CD34+CD38+ Human
Lin-CD34+CD38-CD90+/− N CD34+CD38+ Human
CFU-Mix N CFU-GM N BFU-E Human
CFU-Meg (spring) N CFU-Meg (autumn)
CFU-GM (autumn) N CFU-GM (spring)
CFU-Mix (peripheral blood) N CFU-Mix (cord blood)
Immature CFU-Meg N mature CFU-Meg Human
B cells N T cells N NK Mouse
CTL N Th
B cells ≫ DCs, NK, Treg Mouse
Th N CTL, Treg
Th N Treg Mouse
T cells, monocytes, granulocytes N thrombocytes N erythrocytes Mouse
Monocytes ≫ DCs N macrophages Human
B cells N memory Th N naive CTL N naive Th N NK Human
Th N CTL
B cells N CTL N Th Human
Th (male) N Th (female)
B cells N NK cells Human
Th and CTL no difference
Leucocytes N platelets N erythrocytes (hemoglobin) Human
B cells ≫ T cells Human
Recover ability:
B cells ≫ T cells
Lymphocytes N neutrophils, monocytes N platelets N erythrocytes (hemoglobin) Human

Incidence: Human
Leucopenia N neutropenia, anemia N thrombocytopenia
Decrease in T cells;Th most sensitive; increase in B cells and immature T cells; on
granulocytes and NK cells no effects

Human

Decrease in T cells Human
CTL depletion only in low-dose exposed Chernob
Recovery ability:
Treg N Th/CTL
Granulocytes, megakaryocytes N erythrocytes
following IR, although erythrocytes themselves are relatively radiation
resistant. The progenitors for fibroblasts (CFU-F) was themost resistant
population (D0 = 2.57 Gy). CFU-Mix, BFU-E and CFU-S-10 cells were
identified as slow recovering cells, which do not reach physiological
levels even at 28 days after IR, while CFU-E recovered quickly. A third
group of progenitors, comprising CFU-C and CFU-F, decreased more
slowly and recovered to normal levels on day 10 to 14 [1].

Later on it was reported that themost primitive totipotent stem cells
with bone marrow-repopulating ability (MRA), that have self-renewal
competence, showed the highest level of radiation resistance compared
to their differentiated descendants [2,3]. Thus, totipotent MRA_CFU-S-
12 (day-twelve) splenic CFU, which showed a high differentiation
potential thus forming colonies after re-transplantation in bonemarrow
and spleen, have nearly the sameD0 value (1.18 Gy) as ex vivo-growing
primitive MRA_CFU-Cultures (1.13 Gy). CFU-S-12, which display early
multipotent stem cells and more matured MRAs, were more radio-
sensitive (D0 = 0.95 Gy) and the less primitive stem cell colonies
CFU-S-7 was the most sensitive (D0 = 0.71 Gy) population. Moreover,
in vitro studies assigned myeloid progenitors CFU-Culture (mixed pop-
ulations of CFU-GM, CFU-G and CFU-M) a low level of radiosensitivity
(D0 = 1.47 Gy) [3] (see Fig. 2S). These data confirm the early observa-
tions of Imai and Nakao [1]. Collectively, the results indicate that early
and primitive self-renewal totipotent hematopoietic stem cells are
more radiation resistant than multipotent stem cells. By contrast,
opposite results were published in another investigation [4,5]. The
more mature stem cells CFU-S-8 showed higher radiation resistance
compared to primitive pluripotent stem cells CFU-S-12. This study,
however, was performed with a dose b1 Gy in fetal murine spleens [4,
heral blood cells. Explanation of symbols: h, hours; d, days; w, weeks; and y, years.

Dose Time Ref.

4 Gy 18 h [6]
1.5–3 Gy 4 w [1]

0.5–5 Gy 7–12 d [3]
5 Gy 16 h [26]
3 Gy – [25]
0.5–2 Gy – [27,28,30]
2 Gy

– – [31]
3 Gy – [15]

2 Gy – [16,18]
N0.1 Gy
2 Gy 4 h–3 d [17]
8 Gy 4 h 12 d [23]
0.5–2 Gy 24 h [37]
2 Gy 24 h [40]

0.5–2 Gy 18 h [42]

cancer patients 50 Gy (2 Gy fractions) 5 w [41]

cancer patients 39–70 Gy (1.8–2 Gy fractions) 1–7 w [34]
cancer patients – – [38]

cancer patients 35 Gy (1.75 Gy fractions) 28 d [33]
31 Gy (1.25 fractions) 41 d

cancer patients 40–50 Gy (1.8 Gy fractions) + cisplatin – [39]

Hiroshima Nagasaki N1 Gy 20 y [44]

b9 Gy 1–5 y [44]
yl
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5]while the study alluded to abovewas performedwith spleens of adult
mice (Fig. 2S). This may indicate that differences do exist in radiation
sensitivity between hematopoietic murine fetal stem cells and stem
cells from mature mice.

Other studies revealed that both irradiation dose and endpoint of
investigation have an impact on radiation sensitivity. Thus, with a
dose of 4 Gy, 18 h post-exposure and the endpoint apoptosis, no clear
differences in the induction of cell death was evident between hemato-
poietic stem lineage cluster of differentiation 117+, stem cell antigen-
1+ (Lin-CD117+Sca-1+) cells (44.8%) and their progenitors (Lin-
CD117+Sca-1-) (38.4%) [6] (see also Fig. 1S). It is of interest to note
that the induction of senescence in hematopoietic stem cells was
observed several weeks after IR, which was characterized by p53,
p21Cip1/Waf1, p16Ink4, and beta-galactosidase (SA-β-gal) expression [6,
7]. Thus, it is tempting to speculate that senescence plays a protective
role as it allows more time for the repair of IR induced DNA damage
for cells in order to recover from treatment.

Proceeding long-term effects of IR on HSPCs have also been investi-
gated. Irradiation of mice (7 Gy or 4 × 4.5 Gy) resulted in a decrease of
the progenitors CFU-GM, BFU-E and the multipotent progenitor CFU-S
in the bone marrow [8,9]. This decline (30% of non-treated level)
persisted for one year. A slight recovery to 60% of control level was de-
tected for CFU-GM and BFU-E 20 months after exposure. BFU-E progen-
itors in spleen showed themost pronounced decrease in the firstmonth
after IR when compared with CFU-S and CFU-GM, demonstrating acute
radiosensitivity [8]. The recovery of progenitor cells occurred faster
in younger mice (8 days old) than in older mice. In younger mice,
the number of CFU-S and BFU-E cells returned to normal levels one
year after radiation exposure. It seems that mice of low age are more
effective in compensating the loss of blood cells after IR than older
mice [8].

Moreover, mice displayed elevated values of γ-H2AX foci as bio-
marker for DNA double-strand breaks (DSB) in bone marrow stem
cells one year after a 7 Gy exposure, which was not observed in stem
cells of mock-irradiated mice [10]. Furthermore, 24 h after irradiation
with 1 Gy, stem cells of older mice (16 month) showed increased num-
bers of persisting γ-H2AX foci than irradiated stem cells of younger
mice. Thus, one may assume that stem cells of younger mice possess a
more effective ability in repairingDSBs than older one. Therewas nodif-
ference in stem cell DSB repair capacity observed between untreated
and 7 Gy pre-treated older mice [10].

An accumulation of DNA damage presumably due to a defect in the
DNAdamage responsewas also observed in the early stem cell compart-
ment Lin-Sca-1+cKit+ (cKit = CD117) [11,12]. IR-induced chronic ox-
idative stress is considered to be one of the sources for residual damage
observed in mice [13]. Irradiation also causes cycling and an increase in
stem cell divisions probably for maintaining hematopoiesis [14].
1.2. Radiation effects on murine peripheral blood cell counts

An overview of radiation sensitivity of murine peripheral blood cells
is depicted in Table 1. Kajioka et al. [15] described acute effects of TBI on
the immune system of mice exposed to a single dose of 3 Gy. At four
days after exposure they observed the highest degree of immunosup-
pression and demonstrated that CD19+ B cells were themost sensitive,
CD3+T cells weremoderately sensitive and natural killer cells (NK) the
most resistant cell population. Similarly, B cells were reported to be the
most sensitive population, while dendritic cells (DCs), NKs and regula-
tory T cells (Treg) displayed a more resistant phenotype. Within the
T cell population, CD4+ T helper (Th) cells were more sensitive than
CD8+ cytotoxic lymphocytes (CTL) and Treg [16]. By contrast, CTL
were reported to comprise the most radiosensitive population in
the T cell compartment in another study [15]. This may indicate that
differences in radiosensitivity especially between Th and CTL vary
depending on study and experimental setup. Consistently, however,
CD4+CD25+ Treg were one of the most radioresistant lymphocyte
subpopulations after TBI of mice [15,17,18].

The radiation resistance of Treg might implicate a negative conse-
quence in radiotherapy. Thus, it is conceivable that ionizing radiation
causes a shift to tumor-protective Treg by depleting the radiosensitive
T cells (CTL and Th), which are tumor defending. Indeed, this has been
shown to be the case [17]. In line with this, elimination of Treg by
anti-CD25 antibody treatment improved radiation-induced tumor
regression [18]. Radioresistance of Treg might also impact the inflam-
matory response. Thus, using a murine model of collagen-induced
arthritis, it was reported that repeated 0.5 Gy of IR attenuates the pa-
thology of the disease. This was accompanied by a significant increase
of Treg and suppression in the production of cytokines (IL-6, IL-17) by
Th [19]. Furthermore, there is a report showing that after low-dose
irradiation (LDR) differences in sensitivities were observed with CTL
to be more radiosensitive than Treg [20]. Moreover, LDR (0.01–0.1 Gy)
reduces spontaneous apoptosis in NKs and DCs and increased T cell ac-
tivation [16]. Despite elevated radiosensitivity, CTL became activated in
mice following fractionated low-dose exposure (0.2 Gy), whichwas not
observed for Th [21], an effect that still requires mechanistic explana-
tion. Recent data showed that apart from inducing cell death by apopto-
sis in peripheral blood cells, LDR has been shown to modulate adhesion
molecules and inflammatory nuclear factor kappa B (NF-κB) expression
in endothelial cells, which impacts the adhesion of leucocytes to the
endothel (most pronounced after 0.5 Gy) thus contributing to an anti-
inflammatory clinical effect [22].

Regarding high-dose irradiation, Garg et al. [23] reported on
decreased numbers in circulating T lymphocytes, monocytes and
granulocytes 4 h after treatment with 8 Gy TBI. One month later, mono-
cytes reached pre-treatment levels and granulocytes recovered even
above the physiological level. The thrombocyte count declined between
day 7 and 21 and erythrocytes were reduced at day 14 but recovered by
day 21. A dose of 7 Gy TBI resulted in a significant decrease in erythro-
cyte count one year after exposure in mice [10]. Thus, IR seems to dam-
age radiosensitive precursors of erythrocytes (CFU-E/BFU-E) but not
erythrocytes directly, resulting in decreased erythrocyte levels several
months later.

Finally, the group reported on severe changes in the intestinal
immune system [23]. Four hours after IR, a decrease of macrophages
and B cell counts was observed in the intestine. Macrophage levels re-
covered quicklywithin oneweek,whereas B cells recoverywas delayed,
requiring 21 to 30 days to return to basal levels. CD4+ T cells decreased
more slowly reaching a nadir after 3.5 days and started recovering after
14 days. Neutrophil granulocyte levels were stable at 24 h after expo-
sure, but showed a severe and transient decrease from day 3.5 to day
21. Interestingly, neutrophils showed a very quick recovery above
basal levels at day 30. Given the fact that neutrophils have a short
half-life in peripheral blood, these datamay indicate that the immediate
precursors of neutrophils are relatively radiation sensitive while the
distal precursors are radiation resistant.

1.3. Radiation effects on clonogenic survival and self-renewal of human
stem and progenitor cells

Human HSPCs are usually considered CD34+ cells, which are
present in bonemarrow, cord blood and, at low amounts, in the periph-
eral blood (2.3 × 106 per litre) [24]. The human stem cell population,
however, is more complex (Fig. 1S). It is divided into primitive human
hematopoietic stem cells (HSC) Lin-CD34+CD38-CD90+CD45RA-,
multipotent progenitors (MPP) Lin-CD34+CD38-CD90-CD45RA-
and oligopotent progenitors CD34+ CD38+. The radiation sensitivity
of these three populations has been assessed (Table 1). HSC and MPP
underwent significantly more apoptosis and showed reduced clono-
genic survival compared to their oligopotent progenitors following IR
[25,26]. Moreover, delayed DSB rejoining and a higher number of resid-
ual γH2AX foci as well as an increased expression of p53, apoptosis-
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stimulating protein of p53 (ASPP1) and enhanced level of apoptosis
were observed in theHSC andMPP population compared to oligopotent
progenitorswhen exposed to IR. HSCwere protected against IR-induced
cell death by inactivation of p53 or overexpression of the anti-apoptotic
protein Bcl-2 [25]. Further, it can be speculated that impaired DSB repair
by delayed non-homologous end joining (NHEJ) and a higher level of
residual DNA damage gives rise to a higher frequency of p53 triggered
apoptosis in HSC and MPP, but not in CD34+CD38+ progenitor cells.
Although the biological relevance of the different sensitivities of the
CD34+ stem cell populations remains elusive, these data reveal that
even within the so-called “stem cell compartment” significant
differences do exist in the sensitivity to IR (Fig. 1).

Regarding CFUs generated from human mononuclear cells from
peripheral blood, a ranking in sensitivity was reported following a 0.5
and 2 Gy exposure: CFU-Mix N CFU-GM N BFU-E [27–29]. It should be
mentioned here that CFU-Mix differentiated from cord blood are more
radioresistant than CFU-Mix from peripheral blood, showing radiation
responses similar to BFU-E [28,30]. Furthermore, a significantly in-
creased radiation sensitivity of total HSPCs was observed in male but
not in female blood donors, when isolated stem cells were irradiated
with a dose of 0.5 Gy. Itwas also not observed in blood samples obtained
from males and females irradiated with 2 Gy [28,30]. Additionally, sea-
sonal variations were evident: CFU-GM differentiated from cord blood
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than in males [28,30]. With respect to megakaryocyte precursors,
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firmed in follow-up studies with Chernobyl victims, showing that
megakaryoblasts and megakaryocytes are radioresistant [32].

1.4. Radiation effects on human peripheral blood cell counts

Most data arise from peripheral blood cells obtained from cancer
patient following radiation therapy. Plowman [33] studied patients
with Hodgkin's disease treated with mantle and inverted Y field RT
(total dose of 35 Gy in 28 fractions, Fig. 2A). Immediately following
mantle field irradiation, lymphocytes dropped to ~20%, while neutro-
phils dropped to ~50% of pre-therapy counts (PTC). Monocytes
decreased to ~70% of PTC. Although not addressed in this study, a
decline in lymphocyte counts may be a consequence of radiation-
induced cell death by apoptosis or, alternatively, it is related to an
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show the strongest decrease in cell count directly after start of mantle irradiation main-
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neutrophils incompletely to ~50% PTC. Immediately after the onset of inverted Y irradia-
tion, lymphocytes, neutrophils and monocytes showed a severe decrease. Monocytes
recovered quickly to ~50% pre-therapy level and increased transiently to pre-therapy
level up to 3 months after therapy. Lymphocytes and neutrophils recovered at the end
of inverted Y irradiation, but the recoverywas faster in lymphocytes. B)Medulloblastoma
patients received a total of 35 Gy to the spinal cord. A massive decrease was visible after a
cumulative dose of ~5 Gy for lymphocytes, neutrophils and monocytes. Lymphocytes
maintained a very low level up to 1 week after therapy, where they start to recover
continuously to below PTC. Neutrophil counts recovered slightly after cumulative
~15 Gy to ~50% PTC and begun to recover 1 week after therapy with an endpoint below
PTC. Monocytes showed wave-like recovery and decreasing steps, at ~12.5 Gy even
above PTC. They reached a level below PTC at the end of therapy, maintaining this plateau
for 2 months.
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increased extravasation and tissue infiltration of leucocytes from pe-
ripheral blood or their impaired mobilization from bone marrow
precursors.

In the resting-phase (1–2 months) between mantle and inverted Y
field RT, lymphocytes andmonocytes recovered to ~80% of PTCwhereas
neutrophils remained at a low (~50%) level. Based on these recovery
abilities, it can be inferred that precursors of neutrophils (CFU-G)
are more sensitive to IR than precursors of monocyte (CFU-M) and
lymphoid progenitors (CLP). Immediately following inverted Y RT, lym-
phocytes decreased to a nadir of ~15% PTC while neutrophils halved
their resting-phase level. Monocytes were much more affected in
this radiation field dropping to ~30% PTC with a fast recovery after-
wards. Lymphocytes and neutrophils started recovering at the end of
therapy and reached PTC levels almost 3 month after RT. Recovery of
lymphocytes occurred faster than that of neutrophils. As mentioned
above, it can be assumed that progenitors of lymphocytes (CLP) are
more radioresistant than the immediate neutrophil progenitors CFU-
G [33].

The response of patients with medulloblastoma receiving a total
dose of 35 Gy within 35 days to the spinal cord was also reported [33].
The decline of lymphocytes, neutrophils and monocytes is summed up
in Fig. 2B. The data indicate that depletion of monocytes is quickly com-
pensated during therapywhile neutrophils recover oneweek after ther-
apy. Lymphocytes recovered to PTC reaching a plateau one month after
the onset of therapy. Overall, the following sequence of radiation sensi-
tivity can be inferred from published data: lymphocytes N neutrophils
~ monocytes N platelets N erythrocytes. A similar ranking in radiosensi-
tivity was confirmed in a subsequent study [34] (Table 1). Tubiana et al.
[35] reported that in patients treated with TBI, granulocytes were the
most sensitive blood cell population showing a rapid decline within
8 days following exposure. In another study, a significant increase in cir-
culating monocytes and eosinophils was reported in patients received
RT for malignant disease of the pelvis and thorax with a cumulative
dose of 35Gy [36], indicating that compensatorymechanisms formono-
cyte and eosinophil depletion work quiet efficiently. Although only lim-
ited data are available at present, it appears that the blood monocyte
population declines immediately after RT, but recovers afterwards,
which is in line with the study reviewed above [33]. Notably, human
monocytes are more radiosensitive than macrophages and DCs derived
from them [37], indicating that peripheralmonocytes are radiation sen-
sitive and become radioresistant during a 6–8 day differentiation peri-
od. To the best of our knowledge, there are no data available regarding
the radiosensitivity of human monocytes in the bone marrow and
their progenitors.

A severe and acute lymphocytopenia after irradiation of iliac and
paraaortic lymph nodes was noted by Heier et al. [38]. They also report-
ed that B lymphocytes are more sensitive than T lymphocytes. Blood
lymphocytes reached physiologic levels 5 to 10 years after RT with B
cells recovering faster than T cells, supporting the speculation that B
cell precursors (Pre-B) are less vulnerable to IR than T cell precursors
(Pre-T) [38].

Finally, Mell et al. [39] described the effect of intensity-modulated
pelvic RT for cervical cancer (39.6–50.4 Gy total dose) and concurrent
cisplatin chemotherapy (40 mg/m2 per week) on acute hematologic
toxicity. The authors deduced a sequence of grade 2 orworse anemic in-
cidence following this schedule as follows: leukopenia N neutropenia N

anemia N thrombocytopenia. Overall, the data reported above might
indicate that thrombocytes recover faster than leukocytes and
neutrophils, which may indicate that the progenitors of thrombocytes,
i.e. the megakaryoblasts and megakaryocytes, are radiation resistant. It
should be recalled that thrombocytes lack a nucleus and thus DNA
damage dependent survival pathways will not be activated. Although
immediate hematotoxicity is often attributed to a direct effect of radia-
tion to the peripheral blood, it remains to be clarified whether cytotox-
icity of progenitor cells in the bonemarrow contributes to the observed
decline in blood cell numbers.

Flow cytometry is an accurate method for assessing cell death
frequencies of individual blood cell populations by the use of specific sur-
facemarkers. By determining the frequency of apoptosis in different lym-
phocyte subpopulations of peripheral blood mononuclear cells (PBMCs)
irradiated in vitro (24 h, 2 Gy), the following order of radiosensitivitywas
observed: B cells (CD20+) N memory T cells (CD4+CD45RA-) N naive
CTL (CD8+CD45RA+) N naive Th (CD4+CD45RA+) N NK (CD3-
CD56+). Furthermore, Th with a CD3+CD4+ phenotype were more
sensitive than CD3+CD8+ CTL [40], which is contradictory to data ob-
tained inmice (Table 1). These datawere confirmed following in vivo ir-
radiation indicating that B cells being the most and NK cells being the
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least sensitive fraction in cancer patients who received RT to the pelvis.
However, they did not report significant differences between Th and
CTL counts during RT [41]. In contrast, Schmitz et al. [42] showed that
CD8+ CTL were more sensitive than CD4+ Th cells. They also demon-
strated that radiosensitivity of CTL increased with age and that Th
cells obtained fromwoman and irradiated ex vivowere less radiosensi-
tive than those derived from man. These findings suggest that gender,
age and possibly other factors (e.g. nutrition) might explain the differ-
ent results with regard to radiosensitivity of CTL and Th lymphocytes.

Another question to be addressed is whether the ratio of Th/CTL
under co-cultivation conditions has an impact on radiation response.
Different Th/CTL ratios had no influence on CTL sensitivity, but Th cells
showed lower numbers of apoptotic cells with increasing ratios. This
effect is considered to originate from different cytokine levels varying
with the amount of Th and CTL cells inmixed cultures [43]. These results
further suggest that analysis of radiation sensitivity of blood cell popu-
lations should also take into consideration the relative amounts of
different cell populations. It is reasonable to expand the screening for ra-
diosensitivity to all the peripheral blood populations. Thus, a direct
comparison of the different cell types with respect to radiation sensitiv-
ity and signaling pathways will be achieved.

1.5. Nuclear accidents

Substantial information regarding radiation effects on the immune
systemwas obtained by analysis of atomic bomb survivors in Hiroshima
and Nagasaki. Akiyama [44] reviewed the effects of irradiation on the
immune system focusing on late effects, i.e. 20 years after the insult.
Long-term abnormalities observed in survivors exposed to high doses
(N1 Gy) pertain to T and B cell populations. In general, the number of
Th cells was reduced in the peripheral blood (especially the CD4+
CD45RA+ population) and functional defects were observed. Interest-
ingly, no effects in cell number were evident in CD8+ T cell subsets
(CTL). On the contrary, immature T cell subsets (CD3+CD8-CD4-) and
B cells increased significantly while NK cells and granulocytes did not
show any radiation effects compared to healthy controls [45–51].
With respect to acute effects, evidence exists for a rapid decline in the
number of lymphocytes, antibody and complement production shortly
after exposure [52] and a decrease in the number of neutrophils and
monocytes with a nadir of 30 days [53]. This results in severe hemato-
poietic dysfunction concomitant with a reduction in phagocytosis and
deficiency in antigen recognition by T cells, antibody production and
impaired activation of neutrophils and monocytes [54–60].

The accident at the Chernobyl nuclear power plant in 1986 also pro-
vided data regarding IR-induced blood cell toxicity. Akiyama [44] re-
ported a decline in T cells in individuals with acute radiation disease
[61–63]. Cleanup personnel exposed to low-dose irradiation (0.37 Gy)
showed a normal or even slightly increased number of T cells in periph-
eral blood, which normalized within 1–2 years. Granulocytes and
megakaryocytes exhibited an earlier recovery than erythrocytes,
which were slow to recover and were retarded during the first year in
patients with radiation injuries of the skin [63]. The recovery of Th
cells occurred later than that of Treg cells (suppressor T cells). As with
atomic bomb survivors, a drop of CTL was detectable only in those
individuals exposed to low doses while a decrease of Th cell number
was observed in individuals exposed to high (up to 9 Gy) doses [64].
The elevated radiosensitivity of CTL and Th cells may be used as a
biomarker of exposure if linked with γ-H2AX staining. Thus, γ-H2AX
formation in human peripheral blood lymphocytes was reported as a
bio-dosimetric determinant with a linear relationship between the
initial dose and foci per nucleus after exposure to IR [65].

1.6. DNA damage response in human blood cells

In a recent study, the sensitivity of primary human monocytes
derived from peripheral blood of healthy donors was compared with
the sensitivity of macrophages and dendritic cells derived from them
by cytokine maturation. In these investigations monocytes were
shown to be hypersensitive to IR, displaying a high rate of apoptosis
even after low-dose exposure b2 Gy. This was attributed to impaired
base excision (BER) and DSB repair. Monocytes displayed high levels
of single-strand breaks (SSB) and DSB following IR in contrast tomacro-
phages and DCs. The DNA damage response and cell death pathways
were strongly activated in monocytes after exposure to reactive oxygen
species (ROS) as analyzed by phosphorylation of ATM, ATR, CHK1, CHK2
and p53 and activation of caspases 8, 3 and 7 [37]. Furthermore, mono-
cytes lack the expression of the BER factors X-ray repair cross-
complementing protein (XRCC1), poly (ADP-ribose) polymerase 1
(PARP-1) and ligase IIIα and, therefore, were not able to perform the
last steps of BER and DSB repair by B (backup) NHEJ. Monocytes also
lack DNA protein kinase catalytic subunit (DNA-PKcs), which is in-
volved in NHEJ, making them defective for this repair pathway. DSB
and BER repair capacity was elevated once monocytes were stimulated
to differentiate into DCs and macrophages by treatment with the cyto-
kines IL-4 and GM-CSF. These data indicate that human monocytes,
but not macrophages and dendritic cells, are vulnerable to IR. This fur-
ther supports the view that DNA repair capacity may differ in normal
and malignant hematopoietic cell populations to result different radia-
tion sensitivities.

The inhibition of DNA-PKcs activity by phosphatase inhibitors
(e.g. microcystin-LR) was further shown to negatively impact on
the repair of radiation-induced DSB in lymphocytes, which was
reflected by a reduced formation of γ-H2AX foci, an increased level
of chromosomal aberrations and increased radiosensitivity [66–68].
Although T and B cells differ in radiation sensitivity, they display
equal levels in basal DNA-PKcs activity and DSB rejoining [69]. Of
note, B cells seem to be defective in nucleotide excision repair
(NER), which is presumably due to impaired DNA binding protein
DDB2 and ubiquitin-like modifier activating enzyme 1 (Ube1) activi-
ty [70].With a closer look at granulocytes, expression arrays for DNA re-
pair genes demonstrated that eosinophils, but not neutrophils, have the
ability to repair DSB and SSB [71]. This fits well to the data mentioned
above showing that neutrophils exhibit similar radiation sensitivity as
monocytes. Furthermore, nucleophosmin (NPM1), which regulates
the p53 response to DNA damage, was upregulated in eosinophils, but
not in neutrophils. Therefore NPM1 is considered a resistance marker
for eosinophils [72].

1.7. Radiation response of leukemic cell populations

The effect of radiation exposure on different malignant human cells
was extensively reviewed [73]. In summary, a Burkitt's lymphoma cell
line derived from a lymphatic B cell tumor displayed an enhanced radi-
ation response (D0 = 1.38 Gy) compared to normal human lympho-
cytes (D0 = 1.95 Gy) and B lymphoblastoid cells (D0 = 2.46 Gy).
Several groups demonstrated a dominant role of the p53 functional sta-
tus in the context of radiosensitivity [74]. For example, a p53 wildtype
(wt) HSB-2 (Pre-T) cell line was more radiosensitive than p53 wt/mt
MOLT-4 (Pre-T) cells, p53 mutant (mt) CEM (T) and p53 deleted HL-
60 (pre-myelocyte) cells. Likewise, TK6 (derived from a B cell lympho-
ma) and HSB-2 cells, both p53 wt, are more sensitive than the p53
mutated derivative WTK1 [75]. Thus, mutations in TP53 may confer an
impaired radiation response and, as a consequence, a radioresistant
phenotype, which likely results from a reduced apoptosis capacity.
However, impaired p53 function in TK6 cells following transfection
with human papillomavirus E6 gene revealed only little effect on the ra-
diation response [76]. In contrast, mantle cell lymphomas (MCL, derived
from naive B cells) comprise highly radiation sensitive tumor cells de-
spite nonfunctional p53. Different MCL cell lines that lack p53 function
displayed imbalanced NHEJ (variations in Ku70 and DNA-PKcs protein
expressions) and die by p53-independent apoptosis. Additionally,
mutations and deletions in ATM alleles were observed, suggesting that



Table 2
Radiation response of leukemic cell populations. Explanation of abbreviations: wt, wildtype;mt, mutant; ALL, acute lymphoid leukemia; CLL, chronic lymphoid leukemia; T, T cell lineage;
B, B cell lineage;AML, acute myeloid leukemia.

Radiosensitivity Species Dose Time Ref.

Burkitt's lymphoma N normal lymphocytes N B lymphoblastoid Human – – [73]
HSB-2 (p53 wt, Pre-T), TK6 (p53 wt, B) N MOLT-4 (p53 wt, mt, Pre-T) N Reh (early B), CEM (p53 mt, T) N HL-60
(p53 deleted, Pre-myelocyte)

Human 1–8 Gy – [74,75]

ALL T N MOLT-4/3/4c (ALL T) N CCRF-HSB-2 (ALL T) N thymocytes ≫ ALL null N RPMI8392 (B), RPMI 1788 (B),
CCRF-SB (ALL, B), B411-4 (B), CLL B (B) N PBMCs N stimulated lymphocytes N CLL T

Human [51Cr] labeling 4–8 h [78]

176 (AML) N HL50 (pro-myelocytic leukemia) N 45 (ALL) N K562 (erythroleukemia) Human – – [80]
Jurkat (acute T) N K562 (chronic myelogenous leukemia) N PBMCs Human 0.8–5 Gy 3–72 h [81]
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ATM might be an upstream key factor for an alternative mechanism of
apoptosis independent of p53 [77].

Data listed in Table 2 indicate that leukemic blood cells of different
origin display a clear difference in radiation sensitivity (see also Ref.
[78–81]). Notably, acute lymphoblastic/myeloid leukemic cells and T-
cell leukemia cells (immature T cell derivatives) are sensitive towards
IR while cells from chronic lymphocytic leukemia such as B cells and
chronicmyeloid leukemia cellswere reported to bemore radioresistant.
Again, the p53 status and apoptosis signaling pathways appear to play a
major role in determining radiation sensitivity, as killing effects in follic-
ular lymphoma, one of themost radiation sensitivemalignancy, was re-
lated to p53 activation, survivin down regulation and caspase-8/-9
activation [82,83]. For B-cell chronic lymphocytic leukemia (B-CLL)
radiation resistant and sensitive populations have been reported,
which differ in NHEJ and DNA-PKcs activity with an increased level
in the resistant cells. Inhibition of DNA-PKCS by NU 7026 or, more
generally by inhibition of phosphatidylinositide 3-kinases (PIK-3) by
Wortmannin, evoked a radiation sensitive phenotype of B-CLL cells
[84], indicating DSB repair utilizing the NHEJ pathway involved in B-
CLL radioresistance.
2. Conclusions

The compiled data depicted in Fig. 1 (and Tables 1 and 2) display the
differential sensitivity of human normal and malignant hematopoietic
cell populations. Stem cells, Th cells, CTL, monocytes, neutrophil
granulocytes and especially B cells display a radiation sensitive pheno-
type, while Treg, macrophages, DCs, NK cells and thrombocytes (partic-
ularly their immediate precursor, the megakaryocytes) are more
radioresistant. No conclusive data are available at present for basophil
and eosinophil granulocytes. Erythrocytes seem to be radioresistant,
but not their progenitors (CFU-E and BFU-E) in the bone marrow.
Caution is urged if data obtained in mice are extrapolated to humans.
Thus, the progenitors of erythrocytes in mice (CFU-E and BFU-E) seem
to be radiation sensitive while in human they are more resistant. As
to progenitor cells, totipotent stem cells and multipotent progenitors
CD34+CD38- turn out to be more radiosensitive than mature
oligopotent progenitors CD34+CD38+ cells. Of note, the most primi-
tive totipotent stem cells seem to be more radioresistant than the
mature multipotent stem cell compartment. There might also be inter-
individual differences that have to be taken into account. Some results
provide evidence that the more primitive and multipotent progenitors
are more radiosensitive than mature CFU-GM. Therefore, it is conceiv-
able that CFU-GM became radioresistant during their differentiation
from CFU-GEMM.

To the best of our knowledge, it is not known whether the immedi-
ate progenitors of granulocytes (neutrophils) and monocytes, CFU-G
and CFU-M, are radioresistant or sensitive. This is also true for the
precursors of lymphocytes including Pre-T, Pre-B and CLP (common
lymphoid progenitors) for which reliable data are not yet available.
They are required, however, for explaining the differential responses
of T and B cells, which possess the highest radiosensitivity of mature
blood cells. There appears to be a ranking in radiosensitivity such as
Pre-T N Pre-B and that CFU-G (neutrophil precursor) N CFU-M ~ CFU-
Eo, which needs to be substantiated in future experiments.

In the context of malignancies, a differential radiation response of
immune cells may have significant impact on the anticancer immune
response. Thus, Treg are considered to inhibit the anti-cancer activity
of the immune system mediated by effector T cells, eosinophils and
NK cells. The radiation response of cells is a result of a plethora of
functions, including reactive oxygen species (ROS) and reactive ni-
trogen species (NOS) scavenging, DNA damage induction and repair,
signaling evoked by DNA damage and the activation of apoptosis,
necrosis, necroptosis, saturated autophagy and other cell death
pathways. Since a present paradigm in radiation biology describes
DNA targeted effects and DNA repair at the heart of defense against
genotoxin-induced cell death, it would be of utmost importance
to elucidate the DNA repair capacity in the different leukocyte popula-
tions. This knowledge is required for optimizing passive and active im-
munotherapy. Also, multimodal therapies with chemical genotoxicants
and molecular targeted strategies might be optimized in anti-cancer
treatment.
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